INTRODUCTION {#SEC1}
============

Transcription is the first step of gene expression in living organisms. It is directed by RNA polymerases (RNAPs) that transcribe genetic information from DNA to RNA, based on the Watson--Crick (WC) base pairing between the synthesizing RNA and the template DNA strand. The fidelity of transcription is highly crucial for maintaining normal gene expression, protein function, and cellular regulation. The transcription fidelity is controlled by nucleotide selections upon binding and incorporation along with proofreading during the RNAP transcription elongation ([@B1]). Without an RNAP, the template-based polymerization reaction proceeds extremely slowly and the error rate can hardly drop below ∼10^−2^, due to comparatively small free energy differences between cognate and non-cognate nucleotide additions (e.g. around 2--3 k~B~T). The acceleration of polymerization along with nucleotide selection and proofreading conducted via an RNAP can quench the transcription error rate down to ∼10^−4^--10^−7^ ([@B9]). In bacteriophage T7 RNAP transcription, the base mismatch error rate can be achieved at ∼10^−4^ or lower ([@B10],[@B11]), without detection of the proofreading mechanism. Hence, the nucleotide selection in T7 RNAP plays a primary role in the viral transcription fidelity control, and it is of high interest to reveal how the nucleotide selection proceeds in structural and energetic detail.

The single-subunit T7 RNAP adopts a hand-like structure that appears common for viral RNAPs and a large class of DNA polymerases (DNAPs) ([@B12]) (see Figure [1A](#F1){ref-type="fig"}). In these polymerases, the fingers subdomain of the hand-like structure opens and closes throughout each nucleotide addition cycle (NAC) to allow insertion of an incoming nucleoside triphosphate (NTP), from an initial binding or pre-insertion site to the active site of RNAP. Presumably, an open structure of the single-subunit polymerase converts into a closed form upon a cognate NTP insertion, likely via a combined conformational selection and induced-fit mechanism of the nucleotide binding and insertion, e.g., as being suggested by studies of eukaryotic DNAP β ([@B17]). In comparison, non-cognate NTP binding or insertion may lead to an open or half-open intermediate state, as shown for DNAP I ([@B18],[@B19]).

![The structural and kinetic illustrations of the T7 RNAP elongation cycle. (**A**) Crystal structures of the T7 RNAP elongation complexes. In the left panel, the RNAP subdomains are colored red for the 'palm', green for the 'thumb', dark blue for the 'fingers' of the hand-like structure, and magenta for the N-terminal. The DNA template strand and RNA are shown in cyan and blue, respectively. The sequence regions of the respective subdomains are also given. In the right panel, an alignment between the pre-insertion structure (PDB 1S0V, non-transparent) ([@B20]) and the substrate insertion structure (PDB 1S76, transparent) ([@B32]) of T7 RNAP is provided, in a zoom-in view around the active site. An illustration of the O-helix rotation angle is provided, with the O-helix open in the pre-insertion state, and closed in the insertion state. (**B**) A kinetic scheme of the NAC of T7 RNAP. The NTP insertion process from the initial pre-insertion state (III) to the final substrate insertion state (IV) is our focus in this work.](gkz213fig1){#F1}

The nucleotide selection can happen at multiple checkpoints upon the nucleotide binding or insertion, prior to or during catalytic reaction ([@B6]). The experimental characterization on the stepwise selectivity of the RNAP had been conducted, e.g. for T7DNAP and a bacterial RNAP ([@B2],[@B16]). In T7 RNAP, a pre-insertion complex had been obtained with a 'semi-open' conformation of the fingers subdomain ([@B20]). Since the WC base pairing was not observed in the crystal structure of the pre-insertion complex, it was not clear whether the nucleotide selection started from the initial binding or not. Nevertheless, our previous study indicated that the WC base pairing between the incoming NTP and the template transition nucleotide TN(i) (dTTP here) was able to form in an equilibrated solution structure from molecular dynamics (MD) simulation ([@B21]). Notably, a critical residue Tyr639 at the C-terminal end of an O-helix on the fingers subdomain interacted closely with the non-cognate nucleotide at pre-insertion. The close association with Tyr639 seemed to drag the non-cognate nucleotide to an '*off-path*' pre-insertion configuration ([@B22]), in which the nucleotide could dissociate easily. Besides, the template TN(i) deviated significantly away from the non-cognate NTP in the '*off-path*' configuration, while in a constructed '*on-path*' pre-insertion configuration, TN(i) associated closely with the incoming NTP even if the WC base pairing was lack of ([@B22]). Thus, it seemed that essential nucleotide selection in T7 RNAP started early at the nucleotide pre-insertion stage, e.g., coordinated by this highly conserved 'gating' residue Tyr639 ([@B23],[@B24]).

On the other hand, biochemical and kinetic studies have demonstrated that a slow step follows the initial NTP binding to allow for the nucleotide insertion ([@B25]). We have also shown generically that the slow or rate-limiting step can play a significant role in the fidelity control of the template-based polymerization ([@B26]). It is highly likely that the non-proofreading T7 RNAP relies on the slow nucleotide insertion to conduct substantial nucleotide selection, or transcription fidelity control. Hence, it is desirable to characterize the stepwise nucleotide selection in a structure-based and quantitative manner, particularly to the slow nucleotide insertion step, using free energy and related measures.

In current work, we employed intensive all-atom MD simulations above microseconds in aggregation to investigate the complete structural dynamics and free energetics of the nucleotide insertion, from a comparatively open-form pre-insertion structure, to a closed-form substrate or insertion structure of T7 RNAP that is ready for catalysis (see Figure [1B](#F1){ref-type="fig"}), for both the cognate and non-cognate nucleotides. By constructing the potential of mean forces (PMFs) using the umbrella sampling methodology ([@B27]), we not only provided free energy profiles for various nucleotides during the insertion process, but also derived correspondingly the nucleotide selection energetics from the pre-insertion to the insertion checkpoints ([@B6]). The PMFs were constructed along the collective coordinates of an essential set of atoms, which were regarded highly relevant to the nucleotide insertion. The essential set encompassed the majority of atoms involved in the open-to-close conformational transition of the RNAP fingers subdomain, the insertion NTP *per se*, and the corresponding template nucleotide. The collective coordinate was defined according to the difference between the root-mean-square deviations (*rmsds*) of a current structure from the respective pre-insertion and insertion reference structures. The non-cognate nucleotides included a mismatched ribo-nucleotide (rNTP) and a deoxy-ribonucleotide (dNTP). Following the previous clues ([@B22]), both an *on-path* and an *off-path* insertion processes of the non-cognate nucleotides were probed for the free energy calculations. Finally, we were able to infer the selection free energetics down to the catalytic stage by fitting with experimentally measured error rates via a chemical master equation (CME) approach onto the T7 RNAP elongation kinetics ([@B26],[@B31]). This way, we completely characterized the fidelity control in this prototypical viral transcription system, with both classical structural dynamics and free energetic details.

Below, we present how we performed the free energy calculations using all-atom MD simulations: Mainly, we constructed individual PMFs for the cognate and non-cognate nucleotide insertion processes by performing the umbrella sampling simulations. Consequently, we obtained the activation free energies or barriers for those individual nucleotide insertions, along with representative conformations on the insertion paths. In particular, in order to align these individual PMFs together and determine the selection free energetics arising between the non-cognate and cognate nucleotides, we also calculated the relative binding free energies between them at the nucleotide pre-insertion, by performing alchemical MD simulations. In the end, we were able to demonstrate how nucleotide selection free energetics distributed from the pre-insertion to the insertion stage, by additionally incorporating previous knowledge on nucleotide dissociation at pre-insertion. Furthermore, we also address how we inferred the selection energetics for the catalytic stage in the elongation kinetic framework by numerically fitting the calculated elongation error rates with experimentally measured values.

MATERIALS AND METHODS {#SEC2}
=====================

Below we first show how we obtained initial and final structures for both the *on-path* and *off-path* nucleotide insertion simulations, along with general MD simulation setup. Then we illustrate the umbrella sampling method to construct the PMFs for individual nucleotide insertion processes. In our simulation system, the template DNA transition nucleotide (TN) at site *i* is a dTTP, so the cognate ribo-nucleotide is an rATP; a mismatched ribo-nucleotide rGTP and a deoxy-ribonucleotide dATP have been used as the non-cognate species in this study. Followed by that, we show how to determine the relative free energetics between the cognate and non-cognate nucleotides, by conducting alchemical simulations and obtaining the relative binding free energies between the rGTP/dATP *on-path* pre-insertion configuration and that of the cognate rATP. In the end, based on the nucleotide selection free energetics derived from the MD simulation results, we show how we calculated the elongation error rates according to the CME approach, and inferred the selection free energetics during catalysis.

The initial and final structures of the insertion along with MD setup {#SEC2-1}
---------------------------------------------------------------------

The high-resolution structures of the T7 RNAP elongation complexes (protein, nucleic acids, or NAs, along with the NTP substrate) were captured by crystallization studies in two conformational states key to this study, the pre-insertion and the insertion complexes (with PDB codes 1S0V and 1S76, respectively) ([@B20],[@B32]), as the initial and final reference structures of the nucleotide insertion, respectively. The missing residues were added based on the corresponding parts from other elongation complex structures in the post-translocation and product states (PDB:1MSW,1S77) ([@B32],[@B33]). We also modified the original DNA/RNA sequences in the insertion state structure (1S76) to be consistent with that in the pre-insertion structure (1S0V).

Firstly, the initial pre-insertion structures of the cognate and non-cognate complexes, for both the *on-path* and *off-path* configurations were constructed (see [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). The cognate rATP pre-insertion structure was obtained after an equilibrium MD simulation of 100 ns, starting from the crystal structure of the pre-insertion complex (PDB: 1S0V) ([@B20]). The crystal waters within 10 Å of the rATP molecule were retained. After the 100-ns equilibrium simulation of the rATP pre-insertion complex, ∼20 windows of 100-ns alchemical simulations each were conducted to transform rATP gradually into rGTP and dATP, respectively, so that the dATP and rGTP *on-path* initial structures were obtained in the last window, along with the relative binding free energies between the *on-path* dATP/rGTP and rATP at pre-insertion (addressed later), as conducted in our previous alchemical simulation study ([@B22]). In comparison, to obtain the *off-path* initial structures, the cognate rATP in the pre-insertion crystal complex was directly converted into the non-cognate rGTP and dATP, respectively; after energy minimization, 100-ns equilibrium simulations were conducted for the respective non-cognate pre-insertion complexes to obtain the *off-path* initial structures, as conducted in another of our previous simulation studies ([@B21]).

Then for the final substrate insertion structures, the cognate rATP structure was obtained from the equilibrated complex of the crystal structure (PDB: 1S76) ([@B32]); the non-cognate rGTP and dATP substrate structures were constructed by directly converting rATP into rGTP and dATP, respectively, based on the insertion crystal structure, and were then subjected to MD equilibration (see [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}).

All MD simulations were performed using GROMACS-5.1.2 package ([@B34],[@B35]) and the Amber99sb force field with ParmBsc0 nucleic acid parameters was used ([@B36]). The rATP/rGTP/dATP parameters were obtained from Carlson *et al.* ([@B40]). For the equilibrium MD simulation, the RNAP complex was solvated with explicit TIP3P water ([@B41]) in a cubic box with a size of ∼120 Å, and the minimum distance from the protein to the wall was set to 13 Å. A larger simulation box (up to ∼165 Å) with expanded number of water molecules was tested, with no further energetic changes of protein-DNA interactions within the RNAP pre-insertion complex found, and no further essential conformation changes such as the O-helix rotational motions either. To neutralize the system and make the salt concentration 0.1 M with counter ions, 176 Na^+^ ions and 142 Cl^−^ ions were added. Two magnesium ions were kept as that from respective crystal structures of the pre-insertion and insertion complexes ([@B20],[@B32]). The full simulation system contained ∼156 000 atoms, with ∼140 000 atoms for the water molecules. For all simulations, the cut-off of van der Waals (vdW) and the short-range electrostatic interactions were set to 9 and 10 Å, respectively. Particle-mesh-Ewald (PME) method ([@B42],[@B43]) was used to evaluate the long-range electrostatic interactions. All MD simulations were run at 1 bar and 310 K using the Parrinello−Rahman Barostat ([@B44],[@B45]) and the velocity rescaling thermostat ([@B46]), respectively. Before each of the equilibrium NPT simulation, we minimized the initial structure for 50 000 steps with the steepest-descent algorithm followed by 100-ps NVT MD simulation. The time step was 2 fs and the neighbor list was updated every 5 steps.

Umbrella sampling simulations {#SEC2-2}
-----------------------------

In order to obtain the free energy profiles or PMFs between the pre-insertion and the insertion states of T7 RNAP, for both the cognate and non-cognate substrate species, we launched reaction paths along the changes of the *rmsd* of an essential set of atoms (see $\documentclass[12pt]{minimal}
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}{}$\ {\rm{\delta }}rmsd$\end{document}$ being highly collective and relevant to the substantial conformational changes involved in the nucleotide insertion. To avoid too large deviations from the two-end structures at the pre-insertion and insertion states, both forward (pre-insertion to insertion) and backward (insertion to pre-insertion) paths were launched, and the first half of these two paths were merged into one insertion path. Subsequently, we generated a series of configurations along the insertion paths for the cognate rATP and non-cognate rGTP/dATP (*on-path* and *off-path*); then each of these configurations was subjected to the umbrella sampling simulation with force constraints ([@B47]). Finally, the PMFs along the $\documentclass[12pt]{minimal}
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### Launch the initial nucleotide insertion pathway along the reaction coordinate {#SEC2-2-1}

Based on the modeled pre-insertion and insertion structures, we obtained the initial forward and backward insertion paths by using a modified version of the Climber algorithm ([@B48]). In the respective paths, the insertion and the pre-insertion structures were set as the final reference structures. We selected Cα atoms of five helices in the fingers subdomain (residue 627--639, 568--589, 612--624, 642--660 and 669--687) and heavy atoms of substrate rATP/rGTP/dATP and template TN(*i*) as the morphed regions. These regions undergo substantial conformational changes as observed from the crystal structures (see [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). We excluded the flexible loop regions on the fingers subdomain that may involve irrelevant motions. Indeed, we chose the above morphed region to serve as a minimum set to be essential for the nucleotide insertion. Inclusion of a larger set of atoms, e.g. from the DNA or RNA strand, the final morphed structures actually demonstrated larger deviations from the insertion target (see [Supplementary Figure S2B and C](#sup1){ref-type="supplementary-material"}), likely due to extra fluctuations brought about by the DNA/RNA strand. In the Climber simulation, external forces were then applied to the atoms in the morphed region, whereas the remainder of the system responded to the structural changes in the morphed region; the target number of morphing cycles was set to 700, and each morphing cycle consisted of 100 iterations of morphing, with 10 steps of conjugate gradient energy minimization for each 10 iterations; the minimum distance (or the *rmsd*) to the target structure was set to 0.4 Å and was reached after 400 morphing cycles.
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\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\rm{\ }}\delta rmsd$\end{document}$ has been successfully used as an order parameter or reaction coordinate to characterize the transition pathway between a pair of structures in biomolecular simulations ([@B49],[@B50]). Along the $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$\delta rmsd{\rm{\ }}$\end{document}$reaction coordinate here, the interval distance between two neighboring windows was set to 0.1 Å, so that 27 windows were obtained for the cognate rATP (or non-cognate rGTP/dATP *on-path*) insertion as $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$\delta rmsd{\rm{\ }}$\end{document}$ranges from --1.3 to 1.3 Å, and 45 or 53 windows were obtained for the non-cognate rGTP/dATP *off-path* insertion as $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$\delta rmsd$\end{document}$ spans from --2.2 to 2.2 Å or --2.6 to 2.6 Å. The choice of the number of windows ensured sufficient overlaps between neighboring simulation windows that is required for the construction of the PMF (see below).

### Conducting the umbrella sampling simulations {#SEC2-2-2}

The umbrella sampling simulations were performed by using PLUMED ([@B51]) to add force constraints on the collective $\documentclass[12pt]{minimal}
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The 27 structures (45 or 53 structures for the non-cognate *off-path*) along the reaction path were subjected to the umbrella sampling simulations with the forces applied to the selected structure regions according to $\documentclass[12pt]{minimal}
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### Constructing the PMFs and error analyses {#SEC2-2-3}
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During the construction of PMF by using WHAM, we performed bootstrapping in order to estimate errors ([@B52]). The WHAM computes the PMF based on all the $\documentclass[12pt]{minimal}
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Evaluating the relative binding free energies between the *on-path* non-cognate and cognate NTPs at pre-insertion {#SEC2-3}
-----------------------------------------------------------------------------------------------------------------

Though we obtained the *on-path* and *off-path* PMFs for the non-cognate rGTP/dATP insertion individually, how these PMFs deviated from that of the cognate rATP at the beginning of the insertion process needed to be determined. Accordingly, we calculated the relative binding free energies between the *on-path* non-cognate substrate species and the cognate one at the pre-insertion site, by using the alchemical method illustrated below.

### The relative binding free energy via a thermodynamic cycle {#SEC2-3-1}

For the substrates or ligands rGTP/dATP (non-cognate or *nc*) and rATP (cognate or *c*) at the pre-insertion site, the relative binding free energies between them can be obtained via a thermodynamic cycle as $$\documentclass[12pt]{minimal}
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}{}$\Delta G_a^{sol}$\end{document}$ are the free energies evaluated by transforming the cognate rATP alchemically into the non-cognate rGTP/dATP in the protein complex and in the free solution, respectively ([@B22]). Then the free energy perturbation (FEP) method ([@B53]) was used to calculate the alchemical energy. In order to accurately evaluate the free energy change, the bidirectional sampling using the Bennett acceptance ratio (BAR) method ([@B54]) was implemented in the GROMACS package ([@B34],[@B35],[@B55]), with both forward and backward alchemical transformations performed in the simulation ([@B56]).

### The implementation of the alchemical simulations {#SEC2-3-2}

In the alchemical simulation, three dummy atoms were added to rATP in order to convert rATP (rGTP/dATP) to rGTP/dATP (rATP) in the forward (backward) direction. For the forward simulation, the transformation of the cognate into the non-cognate nucleotide was controlled via a parameter λ from 0 to 1, with an increment of 0.05, and it was *vice versa* for the backward path ([@B22]).

During the simulation, the vdW and electrostatic interaction were simultaneously changed. The LINCS algorithm was used to constrain all the chemical bonds ([@B57]). In the free-solution simulation, NTP was solvated in a cubic box with ∼4000 TIP3P water molecules, the minimum distance from NTP to the wall was set to 10 Å. Ten Na^+^ ions and eight Cl^−^ ions were added to keep the ionic concentration at 0.1 M and neutralize the system. The simulations with the protein complex were the same as specified above. In each direction, 21 windows of 100-ns simulation each were carried out in the protein complex and in the free solution, respectively ([@B22]).

Deriving the elongation error rate from the stepwise selection energetics {#SEC2-4}
-------------------------------------------------------------------------

Here, we use a five-state kinetic scheme including the pre-translocation state (I), post-translocation state (II), pre-insertion state (III), substrate insertion state (IV), and product state (V) to describe an RNAP elongation or NAC cycle (see Figure [1B](#F1){ref-type="fig"} and the linear scheme with rates denoted below). Importantly, the RNAP can differentiate the cognate and non-cognate NTP species upon the nucleotide binding as well as during the insertion and catalysis processes ([@B6],[@B25],[@B26]). $$\documentclass[12pt]{minimal}
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Correspondingly, there are four kinetic checkpoints upon the NTP binding (pre-insertion) and incorporation steps, as described in one our previous modeling work ([@B6]). The first selection checkpoint (*III→ II*) rejects non-cognate NTP immediately upon the NTP binding or pre-insertion, with a selection strength $\documentclass[12pt]{minimal}
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}{}$( {{P_I},{P_{II}},P_{III}^c,P_{III}^{nc},P_{IV}^c,P_{IV}^{nc},P_V^c,P_V^{nc}} )$\end{document}$ is the vector for the state population distributions, and *Err* denotes the elongation error rate. The error rate is defined as the ratio between the non-cognate and total elongation rates or fluxes as $\documentclass[12pt]{minimal}
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}{}$J = {J^c} + {J^{nc}}$\end{document}$ being the total flux or elongation rate at the steady-state condition. More calculation details can be found in references ([@B6],[@B26]). The mainly elongation kinetic parameters of T7 RNAP had been determined from previous biochemical and single molecule experiments ([@B25],[@B58]). Since all the pre-catalytic selection energetics have been obtained from our current MD simulations and related studies, one can then calculate the elongation error rate using the above kinetic parameters and selection energetics, or one can derive the catalytic selection energy by fitting with error rates measured experimentally ([@B10],[@B11]).

RESULTS {#SEC3}
=======

We first present the PMF of the cognate rATP nucleotide insertion, constructed along the collective reaction coordinate $\documentclass[12pt]{minimal}
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}{}$\delta rmsd$\end{document}$. The representative structures and a simulation movie along the rATP insertion path are provided. Then we also present the PMFs for the non-cognate nucleotides rGTP and dATP, along with the key structures and movies, following either the *on-path* or *off-path* insertion process. Furthermore, we show that by calculating the relative binding free energies between the non-cognate and cognate nucleotides at pre-insertion, we are able to align the above PMF profiles together, thus revealing the stepwise nucleotide selection energetics and corresponding structural dynamics from the pre-insertion to the insertion.

Cognate rATP insertion: The O-helix resists closing during the nucleotide insertion but closes well upon the cognate rATP insertion {#SEC3-1}
-----------------------------------------------------------------------------------------------------------------------------------

First, we examined the insertion energetics and structural dynamics of the cognate rATP by starting from the rATP pre-insertion structure. The WC base pairing between rATP and template TN(i) was not captured in the crystal structure of the pre-insertion complex ([@B20]). However, after ∼50 ns equilibrium MD simulation of the rATP pre-insertion structure, the WC base pairing formed, as reported from our previous study ([@B21]). Throughout the equilibrium simulation, Tyr639 from the C-terminus of the O-helix occupied around the active site, and the O-helix fluctuated around a comparatively open conformation (∼15 ± 2°).

During the insertion process of rATP, the free energy rose quickly from the initial pre-insertion state (configuration or config 1) to the transition intermediate state (config 3), with an activation barrier of $\documentclass[12pt]{minimal}
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}{}$\Delta E_{in}^c$\end{document}$∼3 ± 0.6 k~B~T (see Figure [2A](#F2){ref-type="fig"}). The appearance of the activation barrier correlated well with substantial O-helix opening motions (from ∼10° ± 2° at config 2 to ∼22° ± 4° at config 3, see Figure [2B](#F2){ref-type="fig"}). The free energy thereafter dropped, and the final insertion state (config 5) of rATP was ∼ 3 ± 0.4 k~B~T more stabilized than the initial pre-insertion state.

![The PMF from the initial pre-insertion to the final substrate insertion state for the cognate rATP bound RNAP elongation complex and key structural measurements. (**A**) The PMF was constructed from the umbrella sampling simulations ([@B29]) along the collective reaction coordinate $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\rm{\delta rmsd}} \equiv rms{d_{init}} - rms{d_{final}}$\end{document}$, with the profile and error bars obtained via WHAM and bootstrapping ([@B28],[@B30]). (**B**) The O-helix angle was obtained from these five representative simulation windows labeled on the PMF curve in (A). (**C**) The distance between Y639 and RNA3′-2OH is also shown. (**D**) The five representative structures along the reaction coordinate are shown (in stereo views), corresponding to the five umbrella sampling windows (from the initial pre-insertion config 1 to the final insertion config 5). A pre-insertion configuration (config 1) with TN(i), Y639, O-helix, MgA/B, rATP and RNA 3′ denoted is also shown.](gkz213fig2){#F2}

In the simulation, the O-helix closed well into the insertion state (from ∼8° ± 6° at config 4 to ∼5° ± 2° at config 5). Meanwhile, the Tyr639 side chain shifted away from the active site or the 3′-end of the RNA transcript (see Figure [2C](#F2){ref-type="fig"}), as rATP moved closely toward the 3′-end of the RNA in the insertion configuration. The rATP insertion snapshots from config 1 to 5 are seen with stereo views in Figure [2D](#F2){ref-type="fig"}, while the insertion dynamics can be visualized from [Supplementary Movie S1](#sup1){ref-type="supplementary-material"}.

Note that in the simulation, the two magnesium ions MgA (shown in pink in Figure [2D](#F2){ref-type="fig"}) and MgB (in magenta) initially stayed around sugar (3′OH) and phosphate groups of rATP, respectively. Later, MgA moved toward the 3′-end of RNA, and MgB toward in between β and γ phosphates (or the PPi part). After the catalytic reaction, MgA is supposed to remain around the 3′-end of the RNA, while MgB leaves the active site together with the PPi group release ([@B59],[@B60]).

Non-cognate rGTP *on-path* insertion: rGTP is less stabilized than the cognate rATP at pre-insertion *on-path* while experiences similar insertion energetics as rATP {#SEC3-2}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we explored the insertion energetics of the non-cognate rGTP as following the insertion dynamics *on-path*. The pre-insertion complex of rGTP *on-path* was constructed alchemically from the rATP pre-insertion complex, as reported previously ([@B22]). In particular, wobble base pairing between rGTP and template TN(i) was identified in the continuing equilibrium simulation of the pre-insertion complex (see [Supplementary Figures S3A and S3C](#sup1){ref-type="supplementary-material"}). According to the previous alchemical simulation, a relative binding free energy of rGTP vs. rATP at pre-insertion was obtained as $\documentclass[12pt]{minimal}
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}{}$\Delta \Delta {G_b}$\end{document}$∼ 3k~B~T ([@B22]).

The PMF of the *on-path* insertion of rGTP demonstrated a similar activation barrier ($\documentclass[12pt]{minimal}
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}{}$\Delta E_{in}^{on}$\end{document}$∼ 3.3 ± 0.2 k~B~T, see Figure [3A](#F3){ref-type="fig"}) as that of rATP. The O-helix also opened largely into the transition intermediate state (∼20 ± 4° at config 3, see Figure [3B](#F3){ref-type="fig"}) during the rGTP insertion, and eventually reached to a closed state in the insertion complex (∼5 ± 2° at config 5). Both Tyr639 and rGTP followed the similar trend as in the rATP insertion case, moving respectively away (see Figure [3C](#F3){ref-type="fig"}) and toward the 3′-end of the RNA. The insertion complex was energetically more stable than the *on-path* pre-insertion complex of rGTP (∼4.0 ± 0.2 k~B~T). The rGTP *on-path* insertion snapshots from config 1 to 5 are shown (in Figure [3D](#F3){ref-type="fig"}), and the dynamics process can be seen in [Supplementary Movie S2](#sup1){ref-type="supplementary-material"}.

![The PMF for the non-cognate rGTP bound RNAP complex from the *on-path* pre-insertion state to the insertion state and key structural measurements. (**A**) The PMF obtained from the umbrella sampling simulations along the collective reaction coordinate $\documentclass[12pt]{minimal}
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}{}${\rm{\delta rmsd}}$\end{document}$. (**B**) The O-helix angle obtained from the five windows labeled on the PMF curve. (**C**) The distance between Y639 and RNA3′-2OH. (**D**) The five representative structures along the reaction coordinate (in stereo views). A pre-insertion configuration (config 1) with TN(i), Y639, O-helix, MgA/B, rGTP and RNA 3′ denoted is also shown.](gkz213fig3){#F3}

Non-cognate rGTP *off-path* insertion: The *off-path* insertion barrier of rGTP is ∼4 k~B~T higher that of the cognate rATP {#SEC3-3}
---------------------------------------------------------------------------------------------------------------------------

Then we determined the insertion energetics of the non-cognate GTP following the *off-path* insertion dynamics. The *off-path* pre-insertion structure of rGTP was obtained by directly replacing rATP by rGTP in the crystal structure of the cognate pre-insertion complex ([@B20],[@B21]). Notably, Tyr639 interacted closely with rGTP in the *off-path* pre-insertion complex, in order to 'drag' rGTP away from the *on-path* pre-insertion site ([@B21]). The corresponding distance between Tyr639 and the 3′-end RNA remained large in the equilibrium simulation of the *off-path* pre-insertion complex. Meanwhile, the template TN(i) deviated largely from rGTP at *off-path* pre-insertion (config 1).

Following the *off-path* insertion process of rGTP, the insertion barrier ($\documentclass[12pt]{minimal}
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}{}$\Delta E_{in}^{off}$\end{document}$∼ 7.6 ± 0.6 k~B~T) turned out to be significantly larger than that of rATP or the *on-path* rGTP insertion (i.e. with an insertion selection energy $\documentclass[12pt]{minimal}
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}{}$\Delta _{in}^ + \equiv \Delta E_{in}^{off} - \Delta E_{in}^c$\end{document}$ ∼ 4 k~B~T; see Figure [4A](#F4){ref-type="fig"}). Correspondingly, the O-helix opened significantly to ∼25° ± 3° in the transition intermediate state (config 3, see Figure [4B](#F4){ref-type="fig"}), which seemed to contribute to the large insertion barrier. Anyhow, the O-helix could still close to ∼5° ± 2° in the insertion complex (config 5). The distance between Tyr639 and the 3′-end RNA remained large till the end of the insertion process (see Figure [4C](#F4){ref-type="fig"}). The final *off-path* insertion structure of rGTP resembled with that of the *on-path* insertion structure, according to the local RMSD, the Tyr639-rGTP distance, and the O-helix rotation angle measurements (see [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The rGTP *off-path* insertion snapshots from config 1 to 5 are shown in Figure [4D](#F4){ref-type="fig"} and the dynamic process can be seen in [Supplementary Movie S3](#sup1){ref-type="supplementary-material"}.

![The PMF for the non-cognate rGTP bound RNAP complex from the pre-insertion *off-path* to the insertion state and key structure measures. (**A**) The PMF obtained from the umbrella sampling simulations along the collective reaction coordinate $\documentclass[12pt]{minimal}
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}{}${\rm{\delta rmsd}}$\end{document}$. (**B**) The O-helix angle obtained from the five windows labeled on the PMF curve. (**C**) The distance between Y639 and RNA3′-2OH. (**D**) The five representative structures (in stereo views). A pre-insertion configuration (config 1) with TN(i), Y639, O-helix, MgA/B, rGTP, and RNA 3′ denoted is also shown. The red dashed circle highlights the significant base rotation of the template TN(i).](gkz213fig4){#F4}

Notably, the template TN(i) could hardly interact or form hydrogen bonds with rGTP throughout the *off-path* insertion process. Indeed, TN(i) had its base fluctuated significantly (see Figure [4D](#F4){ref-type="fig"}), and the base orientation angle varied much more than that in the *on-path* insertion process (see [Supplementary Figures S5A and C](#sup1){ref-type="supplementary-material"}).

Aligning PMFs of the non-cognate rGTP and cognate rATP: rGTP appears prohibited from *on-path* association, non-trapped at *off-path* pre-insertion, and inhibited during *off-path* insertion {#SEC3-4}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In order to obtain the selection energetics or relative free energies between the non-cognate and cognate nucleotide species, one needs to align the PMFs of rGTP and rATP together. The *on-path* PMF of the non-cognate rGTP insertion was placed above that of rATP, due to a positive relative binding free energy between rGTP and rATP at the pre-insertion site ($\documentclass[12pt]{minimal}
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}{}$\Delta \Delta {G_b}$\end{document}$∼ 3 k~B~T) ([@B22]). Additionally, one put the rGTP *on-path* and *off-path* PMFs together by merging the two final insertion configurations that are structurally similar (see [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This way, we aligned PMFs of both the *on-path* and *off-path* non-cognate rGTP with that of the cognate rATP, from the pre-insertion to the insertion state (see Figure [5](#F5){ref-type="fig"}).

![The schematic PMFs from the nucleotide pre-insertion to insertion of the cognate rATP and non-cognate rGTP. The PMF of rATP is shown in black curve, the *on-path* and *off-path* PMFs of rGTP are shown in blue (dashed line) and purple, respectively. The relative binding free energy of the *on-path* rGTP pre-insertion (config 1) to that of rATP has been evaluated alchemically ([@B22]). The final insertion configurations (config 5) of the rGTP *on-path* and *off-path* are structurally similar (see [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The dissociation barriers at the nucleotide pre-insertion were investigated previously ([@B61]). See more in the text.](gkz213fig5){#F5}

In another recent simulation study of the T7 RNAP pre-insertion complex, a barrier of the nucleotide dissociation from the pre-insertion state (*III*) to the post-translocation state (*II*, see Figure [1B](#F1){ref-type="fig"}) was determined for the cognate rATP ($\documentclass[12pt]{minimal}
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}{}$as\ \Delta E_d^c$\end{document}$ ∼ 4 k~B~T), while no barrier was shown for the non-cognate ones (prepared at the *off-path* configurations) ([@B61]). That says, the cognate rATP is trapped at the pre-insertion site to be prevented from dissociating, while the non-cognate rGTP *off-path* is not, as there is no dissociation barrier for the rGTP *off-path* binding (i.e., with the dissociation selection energy $\documentclass[12pt]{minimal}
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}{}$( {\Delta _b^ - = \Delta E_d^c - \Delta E_d^{on} \sim 0} )$\end{document}$, one can then provide rGTP vs rATP free energy profiles from initial binding/unbinding at pre-insertion and further to insertion, with the full schematics shown in Figure [5](#F5){ref-type="fig"}.

Additionally, if one assumes that both the *on-path* and *off-path* non-cognate pre-insertion complexes are quasi-equilibrated, then it can be estimated that their populations are ∼0.5% and 99.5%, respectively, due to an *on-path* association barrier $\documentclass[12pt]{minimal}
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}{}$\Delta E_a^{on}$\end{document}$ ∼5.3 k~B~T of the mismatched rGTP obtained from the above calculations (also see Figure [5](#F5){ref-type="fig"}). Consequently, the *on-path* is prohibited from accessing at the very beginning of the mismatched rGTP association. Alternatively, substantial selection against the mismatched rGTP takes place *off-path* through both the dissociation at pre-insertion (i.e., no dissociation barrier or no trapping) and inhibition during insertion (high insertion barrier).

Non-cognate dATP *on-path* insertion: The *on-path* insertion barrier of dATP is ∼3 k~B~T higher than that of the cognate rATP and two magnesium ions switch positioning during the insertion {#SEC3-5}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Meanwhile, we also investigated the insertion energetics and structural dynamics of the non-cognate dATP, following its *on-path* insertion first. The *on-path* pre-insertion configuration of the dATP was also obtained alchemically from the rATP pre-insertion complex (see Materials and Methods). In the continuing equilibrium simulation of this complex, base pairing between dATP and the template TN(i) was also identified (see [Supplementary Figures S3B and D](#sup1){ref-type="supplementary-material"}). The calculated relative binding free energy between dATP and rATP at the pre-insertion binding site was $\documentclass[12pt]{minimal}
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}{}$\Delta \Delta {G_b}$\end{document}$= --1 ± 0.2 k~B~T. The O-helix opened less in the *on-path* pre-insertion complex of dATP (∼11 ± 3°), comparing with that of the rATP.

The PMF of the *on-path* dATP insertion demonstrated a fairly high activation barrier ($\documentclass[12pt]{minimal}
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}{}$\Delta E_{in}^{on}$\end{document}$∼ 6 ± 1 k~B~T, see Figure [6A](#F6){ref-type="fig"}), which led to $\documentclass[12pt]{minimal}
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}{}$\Delta _{in}^ + \equiv \Delta E_{in}^{on} - \Delta E_{in}^c$\end{document}$∼ 3 k~B~T (i.e. the insertion selection energy). The resistance of the O-helix closing during the dATP insertion appeared quite strong, as the O-helix opened up above ∼30° in the transition intermediate state (see Figure [6B](#F6){ref-type="fig"}). In the end, the O-helix still successfully closed in the insertion complex (∼5 ± 2°). At the same time, Tyr639 and dATP also followed the similar trend as in the rATP or the *on-path* rGTP insertion case, by moving away and toward the 3′-end of the RNA, respectively (see Figure [6C](#F6){ref-type="fig"}). The final insertion complex of dATP was only ∼1 k~B~T more stable than the pre-insertion *on-path* configuration. The corresponding insertion snapshots from config 1 to 5 are seen in Figure [6D](#F6){ref-type="fig"} and the dynamics can be viewed in [Supplementary Movie S4](#sup1){ref-type="supplementary-material"}.

![The constructed PMF for the non-cognate dATP bound structure from the pre-insertion *on-path* to the insertion state and key structure measures. (**A**) The PMF obtained from the umbrella sampling simulations along the collective reaction coordinate $\documentclass[12pt]{minimal}
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}{}${\rm{\delta rmsd}}$\end{document}$. (**B**) The O-helix angle obtained from the five windows labeled on the PMF curve. (**C**) The distance distribution between Y639 and RNA3′-2OH. (**D**) The five representative structures along the reaction coordinate (in stereo views). A pre-insertion configuration (config 1) with TN(i), Y639, O-helix, MgA/B, dATP and RNA 3′ denoted is also shown. The black dashed circle highlights the two magnesium ions (MgA and MgB) that switch roles in stay and leave.](gkz213fig6){#F6}

Interestingly, during this insertion process, two magnesium ions, MgA and MgB switched their positioning or roles for the incoming catalysis. MgA was supposed to stay close to the 3′-end of RNA before and after the catalysis, while MgB would leave along with the PPi product release after the catalysis. During the *on-path* insertion of dATP, however, MgA moved away from the sugar and toward the β phosphate soon, due to lack of a negatively charged oxygen atom on the deoxyribose sugar. Consequently, MgB was forced to move away from the β phosphate and shifted instead toward the 3′-end of RNA (see Figure [6D](#F6){ref-type="fig"}). Comparisons between the MgA and MgB transitions during the nucleotide insertion process for the cognate rATP, non-cognate rGTP, and dATP are summarized in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. We repeated the simulations of the transition state config 3 and 4 for three times in the *on-path* dATP insertion process, MgA and MgB always demonstrated the above switching behaviors. Alternatively, we could reproduce the switching (see [Supplementary Figure S7A&B](#sup1){ref-type="supplementary-material"}) using the CHARMM force field ([@B62],[@B63]) via either SwissParam ([@B64]) or CCenFF ([@B65],[@B66]) for the force field generation. Furthermore, when we locally refined group charges of (dATP & MgB) and (rATP & MgB), respectively ([@B67]) (see RESP charges in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}), still in the AMBER force field ([@B37]), the switching also persisted in the dATP *on-path* simulation but not the rATP case (see [Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}). Hence, the two magnesium ion switching appeared to be robust in the dATP *on-path* insertion simulation, regardless some variations of the force field treatments.

Non-cognate dATP *off-path*: The *off-path* insertion barrier of dATP is slightly larger than that of rATP while the insertion state cannot be well reached {#SEC3-6}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Last, we surveyed the insertion energetics and dynamics of the non-cognate dATP *off-path*. The *off-path* pre-insertion structure of dATP was constructed by directly replacing rATP by dATP in the crystal structure of the pre-insertion complex and then performing the equilibrium simulation. In the constructed *off-path* pre-insertion complex of dATP, it had been reported that Tyr639 could stack nicely with the end base pair of the DNA-RNA hybrid, while mimicking 'base pairing' with the pre-insertion dATP ([@B21]).
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}{}$\Delta E_{in}^{off}$\end{document}$∼ 4 ± 0.8 k~B~T, see Figure [7A](#F7){ref-type="fig"}) for the *off-path* dATP insertion was only slightly larger than that of the rATP (with the insertion selection energy$\documentclass[12pt]{minimal}
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}{}$\Delta _{in}^ + \equiv \Delta E_{in}^{off} - \Delta E_{in}^c$\end{document}$∼1 k~B~T), or ∼2 k~B~T smaller than that of the *on-path* dATP insertion. The O-helix still opened largely (∼ 25° ± 2°) to resist the closing in the transition state, as in other cases. However, the O-helix could not successfully close below ∼10° into the 'insertion' complex (see config 5 in Figure [7B](#F7){ref-type="fig"}). Indeed, Y639 interacted closely with the RNA 3′-end (-2OH group) and remained around the active site (see Figure [7C](#F7){ref-type="fig"}), thus hindering the O-helix closing. Further examinations indicated that the final *off-path* insertion complex (config 5) of dATP was likely located in between config 4 and config 5 of the *on-path* dATP insertion (see [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). The dATP *off-path* insertion snapshots from config 1 to 5 are seen in Figure [7D](#F7){ref-type="fig"} while the dynamics can be viewed in [Supplementary Movie S5](#sup1){ref-type="supplementary-material"}.

![The constructed PMF of the non-cognate dATP bound structure from the pre-insertion *off-path* configuration to the semi-insertion state and key structure measures. (**A**) The PMF obtained from the umbrella sampling simulations along the collective reaction coordinate $\documentclass[12pt]{minimal}
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}{}${\rm{\delta rmsd}}$\end{document}$. (**B**) The O-helix angle obtained from the five windows labeled on the PMF curve. (**C**) The distance between Y639 and RNA3′-2OH. (**D**) The five representative structures along the reaction coordinate (in stereo views). A pre-insertion configuration (config 1) with TN(i), Y639, O-helix, MgA/B, dATP, and RNA 3′ denoted is also shown. The red dashed circle highlights the significant shifting of the template TN(i) backward.](gkz213fig7){#F7}

Notably, the template TN(i) in the *off-path* dATP pre-insertion configuration had been 'pushed' back toward an intermediate configuration as that during the translocation (see Figure [7D](#F7){ref-type="fig"} config 1), and the base fluctuated significantly during the insertion process (see [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Since the RNAP complex drifted away from the post-translocation state and adopted an intermediate configuration in between the pre- and post-translocation state (see [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}), the *off-path* dATP pre-insertion complex was supposed to be slightly less stable in energetics than a post-translocation complex.

Aligning PMFs of non-cognate dATP and cognate rATP: dATP can be repelled at the *off-path* pre-insertion and inhibited during the *on-path* insertion {#SEC3-7}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Finally, we could align the PMFs of the *on- and off-path* insertion of dATP together with that of the cognate rATP, by first placing the *on-path* pre-insertion config 1 slightly below that of the rATP, and then placing the dATP *off-path* insertion config 5 in between the *on-path* config 4 and 5 (see Figure [8](#F8){ref-type="fig"}).

![The schematic PMFs from the nucleotide pre-insertion to insertion for the cognate rATP and non-cognate dATP. The PMF of rATP is shown in black curve, the *on-path* and *off-path* PMFs of dATP are shown in blue and purple, respectively. The relative binding free energy for the *on-path* dATP pre-insertion (config 1) to that of rATP has been calculated alchemically. The final configuration (config 5) of dATP *off-path* locates in between config 4 and 5 *on-path* (see [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). The dissociation barriers at nucleotide pre-insertion are treated similarly as in Figure [5](#F5){ref-type="fig"}, except for the *off-path* pre-insertion being an intermediate configuration as during the translocation (see text).](gkz213fig8){#F8}

Note that we have also assumed that the dATP *on-path* dissociation from the pre-insertion site maintains a same barrier as that in the cognate rATP case, i.e. $\documentclass[12pt]{minimal}
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}{}$\Delta E_d^{on}\sim\Delta E_d^c$\end{document}$ = 4 k~B~T, while for the dATP *off-path*, there is still no dATP trapping due to lack of a dissociation barrier $\documentclass[12pt]{minimal}
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}{}$\Delta E_d^{off}$\end{document}$= 0, as in the *off-path* rGTP case. In addition, since the dATP *off-path* pre-insertion complex had the template TN(i) shifted backward to a translocation intermediate configuration, it should be energetically less stable than the post-translocation state, prior to the NTP binding. Furthermore, we have assumed that the translocation intermediate is energetically comparable or similar to the binding intermediate for the *on-path* dATP pre-insertion, both of which can be marginally or thermally (∼1 to 2 k~B~T) less stable than the post-translocation complex. The complete schematics on the pre-insertion to insertion PMFs are accordingly shown in Figure [8](#F8){ref-type="fig"}, for both the *on-* and *off-path* insertion of dATP and insertion of rATP.

Under the quasi-equilibrium assumption of the dATP binding at pre-insertion, there would be about equal probabilities for dATP accessing *on-path* and *off-path*. That says, both the *on-path* and *off-path* non-cognate insertion and selection work for the deoxy-ribonucleotide. The *on-path* selection proceeds through the insertion inhibition barrier, while the *off-path* selection works via the enhanced nucleotide dissociation at pre-insertion. According to the results presented in both Figures [5](#F5){ref-type="fig"} and [8](#F8){ref-type="fig"}, we obtained the stepwise selection free energetics from pre-insertion to insertion (see METHODS), and inferred that into the catalytic stage $\documentclass[12pt]{minimal}
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}{}$( {\Delta _c^ + \sim 7{k_B}T\,{\rm{for}}\,{\rm{rGTP}}\,{\rm{and}}\,\Delta _c^ + \cong 0\,{\rm{for}}\,{\rm{dATP}}} )$\end{document}$, which were summarized in the end of Supplementary Material (see [Supplementary Table S3](#sup1){ref-type="supplementary-material"} for the selection free energetics).

DISCUSSION {#SEC4}
==========

In this work, we performed atomistic simulations over microseconds to construct the PMFs of cognate and non-cognate nucleotide insertion during T7 RNAP elongation, using the umbrella sampling method following a one-dimensional collective coordinate, that presumably captures the most essential conformation changes of a highly relevant set of atoms involved in the nucleotide insertion. Together with other simulations at the nucleotide pre-insertion site to measure the relative binding free energies and nucleotide dissociation energies, we were able to determine the complete free energy profiles starting from the nucleotide pre-insertion to the insertion prior to the catalytic reaction, for both the cognate and non-cognate nucleotide species. Accordingly, the nucleotide selection energetics against the non-cognate species along the insertion paths were obtained, for either rejection backward or inhibition forward on the reaction path, at both the pre-insertion and insertion checkpoints.

We recognize first the common features revealed for the non-cognate nucleotides at the *off-path* pre-insertion configuration, which serves as the initial screening or kinetic checkpoint of the nucleotide selection. In contrast with a significant dissociation barrier (∼4 k~B~T) that traps the cognate nucleotide at the pre-insertion site, easy dissociations of the *off-path* non-cognate species let go a large portion of the erroneous nucleotide species, leading to an error rate down to ∼10^−2^. At the next selection checkpoint starting from the pre-insertion to the insertion state along the *off-path*, the mismatched rGTP leaked from the initial screening can be further kinetically hindered by an enhanced insertion free energy barrier, which is significantly higher (∼4 k~B~T) than that of the cognate species and thus reduces the error rate down to ∼10^−3^. Meanwhile, although the *on-path* insertion energetics of the mismatched rGTP turns out to be similar to that of the cognate species, rarely rGTP can be loaded *on-path* at the pre-insertion entrance (\<1% of the rGTP population, with the *on-path* error rate cut below 10^−2^ as well), thus the *on-path* is almost non-accessible to the mismatch nucleotide, so that it does contribute further to the non-cognate nucleotide insertion and subsequent selection.

In comparison, the non-cognate deoxy-ribonucleotide dATP, accessible comparably to both the *on-path* and *off-path* insertion processes, is hindered over the cognate species during the *on-path* insertion (error rate down to ∼10^−2^). Interestingly, the *on-path* insertion of dATP seems to involve two-magnesium-ion switching their roles during the nucleotide insertion. Along the *off-path* insertion of dATP, however, after the initial screening or rejection at pre-insertion, no such an enhanced insertion barrier shows, yet only a semi-insertion state can be reached. Upon the complete insertion, the error rate of dATP over rATP drops to the experimentally identified value (∼10^−2^), and no further selection seems to be needed into the catalytic stage. In contrast, to achieve an elongation error rate ∼10^−4^, we inferred that the mismatched rGTP needs to be further selected by a catalytic barrier significantly higher (∼7 k~B~T) than that of the cognate one.

The non-cognate nucleotide is initially screened at the pre-insertion site for an *off-path* rejection, coordinated by Tyr639 and template TN(i) motions {#SEC4-1}
--------------------------------------------------------------------------------------------------------------------------------------------------------

From previous studies, we recognize that an *off-path* binding or pre-insertion configuration of the non-cognate nucleotide exists, no matter for the base-mismatch or sugar-deficient incoming NTPs ([@B21],[@B22]). In particular, Tyr639 has been found to play a critical role in the nucleotide substrate differentiation or selection, both experimentally and computationally, e.g. as Y639F mutation weakens the deoxy group detection and leads to comparable recruitments of both dNTP and rNTP ([@B21],[@B23],[@B24],[@B68]). At the post-translocation state prior to the nucleotide binding, the O-helix on the fingers subdomain opens, Tyr639 on the C-terminus of the O-helix inserts its side chain next to the pre-insertion site ([@B20],[@B32]). Consequently, Tyr639 interacts closely with the incoming NTP for pre-insertion, e.g. by grabbing on the non-cognate species or even mimicking 'base paring' with the dNTP, as being previously found ([@B21]). It seems that Tyr639 competes with the template TN(i) for the incoming NTP interaction, and it is, of course, the template TN(i) that essentially determines a cognate or a non-cognate species incoming. In our current simulation, we see that TN(i) deviates away significantly upon the *off-path* non-cognate rGTP/dATP pre-insertion. In particular, TN(i) rotates its side chain away from the rGTP base, or in the dATP case, TN(i) even drifts backward to an intermediate position as during the translocation. That says, the post-translocation complex of T7 RNAP is sensitive enough to respond quickly to the incoming non-cognate NTP, by utilizing an *off-path* binding and filtering strategy.

Another simulation study then shows that the non-cognate nucleotide at pre-insertion, prepared at the *off-path* configuration, easily dissociates from the RNAP binding site without free energy hindrance, while the cognate nucleotide binding into the pre-insertion site is trapped by a substantial dissociation barrier ∼4 k~B~T ([@B61]). According to the stepwise kinetic model on the polymerase nucleotide selection ([@B6]), the difference of the dissociation barrier between the cognate and non-cognate species attributes exactly to the initial selection, so that to repel the non-cognate nucleotide much faster than the cognate substrate species to dissociate from the binding/pre-insertion site. By applying only this amount of initial selection, the error rate soon drops to ∼10^−2^, and can drop further upon subsequent selections during the nucleotide insertion and catalytic incorporation.

Prohibited from the *on-path* association, the mismatched rGTP is subject to substantial inhibition during the *off-path* insertion {#SEC4-2}
-----------------------------------------------------------------------------------------------------------------------------------

After the initial nucleotide screening at pre-insertion, it is still possible for some of the non-cognate nucleotides to proceed to the insertion stage of the NAC. In the case of the mismatched rGTP, we obtained an *off-path* insertion barrier ∼4 k~B~T higher than that of the cognate rATP. The high barrier coincides with the O-helix opening motion up to ∼30° in the transition state, which appears to resist the insertion. The rotational degree of the O-helix essentially links with the positioning of its C-terminal residue Tyr639. As pointed above, in the O-helix opening configuration, the side chain of Tyr639 occupies the active site to compete with the template TN(i) to associate with the incoming rGTP. As the highly fluctuating TN(i) rotates its base far away from the active site, Tyr639 successfully hinders the TN(i) base from coming close (i.e., to contribute the rGTP insertion energy barrier). In the end, Tyr639 moves away from the active site to allow the nucleotide insertion. Accordingly, the O-helix initially opens and then closes finally to coordinate with the Tyr639 motions.

Meanwhile, one sees that the entry to the *on-path* insertion is highly prohibited for the mismatched rGTP. Firstly, we have found that the *on-path* pre-insertion complex of rGTP is ∼3 k~B~T less stable than the cognate rATP complex, according to the alchemical simulation starting from the equilibrated pre-insertion complex of rATP ([@B22]). Secondly, by inspecting the structural feature such as the wobble base pairing of the *on-path* pre-insertion complex of rGTP, we assume that once the rGTP 'squeezes' into the *on-path* entry, there is a dissociation barrier to prevent it from unbinding, similarly as that for the cognate rATP. Consistently, we notice that further insertion of rGTP *on-path* does not incur much different energetics from the cognate insertion. It should be noted that in the MD simulation, an initial replacement of rATP by rGTP in the crystal structure of the pre-insertion complex always leads to the comparatively stable or accessible *off-path* binding configuration rather than the *on-path* one. Indeed, it is estimated that \<1% population of the incoming rGTP at pre-insertion can be loaded *on-path*, due to an activation barrier derived ∼5 k~B~T for such nucleotide association.

Aside from the *off-path* screening at pre-insertion, the non-cognate dATP can be loaded *on-path* but with insertion inhibition {#SEC4-3}
--------------------------------------------------------------------------------------------------------------------------------

In comparison, the sugar-deficient dATP can be recruited equally well to both the *on-path* and the *off-path* configurations at pre-insertion. According to alchemical calculations, the dATP *on-path* pre-insertion complex appears similarly or even slightly more stabilized than the rATP pre-insertion complex (∼1 k~B~T). By assuming as well that the dissociation barrier for the *on-path* dATP is similar to that of rATP at pre-insertion, one sees a fairly low activation barrier about 1--2 k~B~T for the dATP binding *on-path*. Meanwhile, the *off-path* pre-insertion complex of dATP demonstrates structural characters of a translocation intermediate state, in which the template TN(i) is repelled backward ([@B69]). During the Brownian alike movements of the RNAP translocation, it is expected that the intermediate energetics is marginally higher (1--2 k~B~T) than the pre and post-translocation states. Accordingly, the *off-path* pre-insertion of dATP can be thermally activated, similarly as the *on-path* pre-insertion of dATP. Therefore, there appear to be similar or say equal chances of dATP to bind *on-path* and *off-path*. Once bound into the *on-path* pre-insertion configuration, dATP indeed forms nice WC base pairing with the template TN(i). Nevertheless, an enhanced insertion barrier thereafter prevents the *on-path* dATP from inserting easily as the cognate rATP. Accordingly, both the easy dissociation at the *off-path* pre-insertion and the inhibition during the *on-path* insertion contribute to the RNAP nucleotide selectivity to be against the deoxy-ribonucleotides.

Interestingly, we notice that during the *on-path* insertion of dATP, two magnesium ions switch their roles of leave and stay. According to an united two-metal-ion mechanism in polymerase functioning, there are two magnesium ions involved in the active center reaction ([@B59],[@B60]), with one proposed to retain permanently ('stay'), while the other recruited *ad hoc* with the incoming NTP and gone with the releasing product PPi ('leave'). In current work, except for the dATP system, MgA as the one stays, associates closely around the sugar (3′-OH) of the pre-insertion NTP, then moves via an intermediate configuration around α or β phosphate (around Asp537 and Asp812 as well), finally ends up being close to the 3′-end of RNA to support catalysis; MgB as the one leaves, starts closely around the β phosphate of the pre-insertion NTP, ends up fluctuating between the β and γ phosphate groups (see [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). In the dATP *on-path* case, however, due to lack of an oxygen atom on the 2′-OH of sugar, MgA very soon moves away and toward the β phosphate to 'push' MgB toward the 3′-end RNA, so that MgA and MgB switch their positioning in the end. Though the force field description of magnesium is still to be improved to satisfactorily address variable issues, currently observed switching events can be repeated and reproduced under various force field implementation settings (see [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Hence, our studies suggest that magnesium ions can play special roles in the transcription fidelity control, particularly in discriminating the non-cognate dNTP from the cognate rNTP during the *on-path* insertion process. Note that along the *off-path* insertion of dATP, MgA remains far from 3′-end RNA, as the corresponding 'insertion' state is not quite much reached.

To achieve an error rate sufficiently low, the mismatched rGTP needs to be further selected against during the catalytic reaction {#SEC4-4}
---------------------------------------------------------------------------------------------------------------------------------

According to biochemical measurements on the T7 RNAP transcription elongation, the error rate of replacing rATP by rGTP is about 10^−4^, while other base mismatch types can be scrutinized even more stringently (10^−5^ to 10^−6^) ([@B11]). In comparison, the error rate of a cognate rNTP replaced by dNTP of the same base appears higher at ∼10^−2^ ([@B24]). Using the selection energetics from the pre-insertion to insertion, obtained from our atomistic MD simulations and calculations (see [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), we were able to derive the error rates via the chemical master equation approach ([@B6],[@B26]). In the case of rGTP, substantial selection from the *off-path* pre-insertion rejection (∼4 k~B~T) together with the insertion inhibition (∼4 k~B~T) reduce the error rate to ∼ 10^−3^, while the *on-path* recruitment of less than 1% rGTP population also ensures the error rate to approach ∼ 10^−3^. To further reduce the error rate to 10^−4^, rGTP needs to be selected again during the catalytic reaction, which we cannot simulate using the classic MD. Notably, we can still infer that the activation barrier of catalytically adding rGTP needs to be ∼7 k~B~T higher than that of adding rATP in order to achieve an error rate at ∼10^−4^. In contrast, since the selection energetics against dATP from the pre-insertion to insertion already leads to an error rate of ∼10^−2^, it is reasonable that no further selection is needed, and the catalytic addition of dATP to the existing RNA strand, once it is fully inserted into the active site, can be as easy as the cognate rATP.

Note that in general the catalytic checkpoint works more or less as the catalytic rate of an inserted non-cognate nucleotide is commonly expected to be lower than that of the cognate one, due to non-satisfactory insertion configuration at the active site in the absence of the WC base pairing. For example, for T7 DNAP the experimentally detected catalytic rates of cognate and non-cognate species are 360 and 0.3 s^−1^ ([@B16]), respectively. For a bacterial multi-subunit RNAP, the cognate and non-cognate catalytic rates can be 100 and ∼10^−2^ s^−1^ ([@B2]), respectively. It has also been pointed out that the trigger loop in the multi-subunit RNAP acts as a kinetic selector for correct NTPs, functioning analogously to the fingers subdomains in the single-subunit polymerases by promoting catalysis of correct NTPs efficiently but incorrect substrates inefficiently ([@B8]).

From our previous study ([@B6]), we recognize that a same amount of selection energy arising at an early checkpoint would lead to a lower error rate than that being achieved late on the reaction path. For example, an overall selection energy of ∼8 k~B~T distributed from the pre-insertion checkpoint (∼ 4 k~B~T) toward the insertion checkpoint (∼4 k~B~T) can lead to an error rate down to ∼ 10^−3^. In comparison, a significant amount of selection energy (∼7 k~B~T) is still required toward the late catalytic checkpoint to only reduce the error rate for one order of magnitude, i.e. from 10^−3^ to 10^−4^. Accordingly, in order to achieve high fidelity via the stepwise substrate selection, say for a limited total amount of selection energetics, it is advantageous to select as early as possible on the reaction path. In current study of the viral T7 RNAP, it appears that the nucleotide selections conducted from the pre-insertion to the insertion work substantially to reduce the error rate close to the desired magnitude. The catalytic step serves for the base selection as well in T7 RNAP, but not necessarily for a significant improvement on the error rate reduction. The predicted catalytic selection energetics for the base-mismatch incorporation (e.g. rG replacing rA) can be examined in further experimental and computational studies.

Accordingly, one expects that low fidelity RNAPs in some circumstances skip nucleotide selections at early checkpoints until toward the late catalytic stage or to the end of the NAC. In contrast, for high transcription fidelity control, the pre-chemical steps such the O-helix linked fingers subdomain closing in the single-subunit polymerases need to play an essential role, so that non-cognate nucleotides have already been strongly selected against from the initial association to the full insertion stage, prior to the catalytic reaction.

CONCLUSION {#SEC5}
==========

According to atomistic MD simulations and free energy calculations, we have demonstrated that the viral T7 RNAP conducts nucleotide screening and selection substantially starting from the nucleotide pre-insertion: by initially rejecting the non-cognate species upon an *off-path* association while trapping the cognate species *on-path* for the WC base pairing, and by further inhibiting the non-cognate nucleotide during insertion. An error rate ∼ 10^−3^ can be achieved pre-chemically for the mismatched rGTP, which mainly binds and inserts *off-path* while being prohibited from accessing *on-path*. To achieve an error rate ∼10^−4^ or lower, further selection during catalytic reaction seems to be required to be against the base mismatch species. In comparison, the sugar deficient dATP is either readily rejected upon the *off-path* pre-insertion, or it accesses *on-path* while experiencing insertion inhibition, likely also under the coordination of two magnesium ions. An error rate ∼10^−2^ is achieved to prevent the dATP incorporation over the cognate rATP, without further differentiation into the catalytic stage.
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